Coronary blood flow and myocardial oxygen and carbohydrate metabolism were studied in normal intact dogs subjected to different degrees of hypoxia. Total left ventricular oxygen consumption was maintained during administration of 10 per cent and 5 per cent oxygen owing to increase in coronary flow and myocardial oxygen extraction. Ten per cent oxygen administration had little effect on carbohydrate uptake by the heart. Five per cent oxygen resulted in decreased coefficients of extraction for glucose, lactate and pyruvate, but total utilization was maintained. Complete anoxia resulted in negative arteriovenous differences for lactate and markedly decreased or negative values for pyruvate. T HE biochemical changes in the myocardium during hypoxia have been previously studied by use of tissue slices or the heart-Lung and other open chest preparations. The present studies employ a technic for catheterizing the coronary sinus that enables the measurement of myocardial metabolism in intact animals 1 during different degrees of hypoxia. METHODS Dogs were premedicated with morphine (3 mg. per kilogram of body weight given subcutaneously) and anesthetized 30 minutes later by a 50/50 mixture of Nembutal and dial urethane* (0.025 cc. per kilogram). A systemic artery, pulmonary artery and the coronary sinus were catheterized by technics previously described, 2 and the coronary blood flow in terms of cubic centimeters per minute per 100 Gm. of left ventricle was measured, using the nitrous oxide desaturation technic. 1
Femoral arterial and coronary sinus blood samples were collected in oiled heparinized syringes and analyzed immediately for oxygen and carbon dioxide by the nianometric method of Neill and Van Slyke. Duplicate analyses were required to check within 0.1 volume per cent. Left ventricular oxygen consumption was calculated as the product of the coronary arteriovenous oxygen difference times the left ventricular coronary flow.
The pH of arterial blood samples was measured on a Cambridge pH meter at room temperature and was corrected to 37 C. Coronary sinus and femoral arterial blood samples were drawn in duplicate and each analyzed in duplicate for glucose, 3 lactate, 4 and pyruvate. 5 In a series of 37 experiments the mean change between the arteriovenous differences of two samples drawn in rapid succession was -0.14 ± 0.31 mg. per cent (standard error of the mean) for glucose, 0.17 ± 0.14 mg. per cent for lactate, and -0.02 ± 0.01 mg. per cent for pyruvate. The total left ventricular utilization of these substances was calculated by multiplying their coronary arteriovenous differences by the coronary blood flow, giving a value for utilization in milligrams per 100 Gm. of left ventricle per minute.
The myocardial extraction coefficient ([A-VJ/A) was determined for oxygen, lactate, pyruvate, and glucose. This is denned as the ratio of the coronary arteriovenous difference to the arterial level of each substance. It represents the per cent of each metabolite which is extracted from a unit of coronary blood in its passage through the myocardium. 0 Pulmonary arterial pressures were transduced through a Sanborn electromanometer and recorded on a Viso-Cardiette; femoral arterial mean pressure was measured on a mercury manometer and electrocardiograms were recorded.
Samples and measurements were taken during the 10-minute period of nitrous oxide desaturation in 29 experiments. Ten dogs were subjected to 5 The}' were then switched to a bag containing 5 per cent oxygen and 95 per cent nitrogen, and the entire series of samples and measurements were repeated. The 15 minute period of nitrous oxide saturation was sufficient to allow the pulse, respiration, and blood pressure to reach a reasonably stable level. In nine other dogs the inhaled gas mixture contained 10 per cent, rather than 5 per cent oxygen. The remaining 10 dogs served as double controls, wherein a second series of determinations was performed using 20 per cent oxygen and room air in exactly the same fashion as in the first series. This served to assess the changes that might occur as a result of the duration of anesthesia and blood loss. Seven additional dogs were subjected to complete deprivation of oxygen for three to five minutes. In five this was accomplished by obstructing the trachea, and in two by giving 100 per cent nitrogen. The coronary sinus and a peripheral artery were catheterized, and arteriovenous differences were determined for oxygen, carbon dioxide, lactate and pyruvate during (a) the control period, (b) at the end of the period of anoxia, and (c) after recovery.
RESULTS

Coronary Flow and Related Findings.
The most striking change was the increase in coronary blood flow. There was no significant change in the double control series, but in the dogs given 10 per cent oxygen the flow increased from the control mean value of 116.8 ± 12.7 to 193.3 ± 18.4 ml. per 100 Gm. per minute. When 5 per cent oxygen was given it increased from the control value of 126.3 ± 21.9 to 502.5 ± 97.7 ml. per 100 Gm. per minute.
The mean femoral artery pressure did not change significantly in the double control period, but increased from the control value of 121.6 ± 3.9 to 135.3 ± 4.5 mm. Hg with 10 per cent oxygen, and from 121.0 ± 3.4 to 134.6 ± 7.6 mm. Hg with 5 per cent ox3 r gen. The pulmonary artery mean pressure did not change in either the double control series or with 10 per cent oxygen, but did increase from 10.9 ± 0.7 to 15.4 ± 1.3 mm. Hg with 5 per cent oxygen. The heart rate increased from a normal mean of approximately 80 beats per minute, to 107 beats per minute with 10 per cent oxygen and to 152 beats per minute with 5 per cent oxygen.
Oxygen and Carbon Dioxide. Despite marked drop in arterial oxygen levels with decreasing amounts of inspired oxygen, total left ventricular utilization of oxygen was well maintained. This was accounted for mainly by the increase in coronary flow. An important additional factor, however, was the significant increase in the myocardial oxygen extraction coefficient with both 10 per cent and 5 per cent oxygen. As seen in figure 1 , the myocardial oxygen extraction coefficient had no relation to the arterial oxygen level as long as the arterial blood maintained its oxygen content above a threshold level of about 8 volumes per cent. Below this level, the two factors had an inverse relationship, with a coefficient of correlation of 0.89. The arterial carbon dioxide content decreased slightly in the double control series, but the decrease was much more marked with 10 per cent and 5 per cent oxygen. This was correlated with a slight but significant increase in the blood pH. This was almost certainly a respiratory alkalosis related to hyperventilation, for: (i) the minute ventilation increased from 3.3 ± 0.3 L. per minute to 11.4 db 1.2 L. per minute with 10 per cent oxygen and to 17.4 ± 1.4 L. per minute with 5 per cent oxygen inhalation, and (2) the ventilation equivalent (cubic centimeters oxygen consumption/liters ventilation) fell from 34.5 cc. per liter to 10.1 cc. per liter with 10 per cent oxygen and 7.1 cc. per liter with 5 per cent oxygen inhalation.
Pyruvate with Graded Hypoxia. In figure 2 the arteriovenous differences of pyruvate are plotted against the simultaneously determined arterial level. As previously shown, 6 there is a straight-line direct relationship between these two factors in normal animals. In this present series, the coefficient of correlation was 0.94, and the threshold of utilization was at the 0.5 mg. per cent mark. In animals given 10 per cent oxygen there was no change in arteriovenous difference or threshold of utilization, and there was a significant coefficient of correlation of arterial level and arteriovenous difference of 0.85. With 5 per cent oxygen the pyruvate arteriovenous difference was decreased and the threshold of utilization was raised to 1.7 mg. per cent. There was still a barely significant coefficient of correlation of arterial level and arteriovenous difference of 0.69. Despite these changes the total utilization of pyruvate was not altered from the normal in either group, owing to the marked increase in coronary flow (table 1) .
Lactate with Graded Hypoxia. In figure 3 the arterial lactate levels and arteriovenous differences are plotted. There is a high coefficient of correlation of 0.91 in the normal group, but coefficients of correlation that are not statistically significant in the 5 per cent, and 10 per cent oxygen groups. There was significant decrease with 5 per cent oxygen, but not with 10 per cent oxygen, in values for arteriovenous difference and coefficient of extraction, despite an increased arterial level. The total lactate utilization by the heart was maintained in both groups.
Glucose with Graded Hypoxia. There were no changes of importance in the glucose values in the dogs given 10 per cent oxygen (table 1), but there was a definitely lower arteriovenous difference and coefficient of extraction in the dogs given 5 per cent oxygen. Total utilization of glucose in the latter group was maintained.
Control Anoxia
Recovery.... Complete Oxygen Deprivation. In seven animals completely deprived of oxygen, the findings were essentially similar, so that the data for one dog, which is presented in table 2, can be considered as representative for the group. In all dogs the lactate arteriovenous differences became negative. The pyruvate difference decreased markedly during anoxia, and in one instance it was slightly negative ( -0.14 mg. per cent).
DISCUSSION
The findings in the control series of observations agree with those previously reported from this 6 and other 7 laboratories, namely, that glucose, lactate and pyruvate are extracted by the heart in significant amounts, and that the arteriovenous differences are directly related to the arterial levels. Ten per cent oxygen administration results in no significant change in myocardial carbohydrate utilization, but the administration of 5 per cent oxygen causes definite abnormality in the extraction of lactate, pyruvate and glucose. This is seen primarily in the decreased extraction coefficient of these three substances, and the raised utilization threshold of lactate and pyruvate. Confirming Evans' earlier work on the heart-lung preparation and heartoxygenator circuit, 7 complete oxygen deprivation results in negative lactate arteriovenous differences. In addition, the present experiments demonstrate the marked concomitant decrease in pyruvate extraction. These changes probably reflect increase in glycolysis in the heart during the period of severe anoxia, with breakdown of the endogenous myocardial stores of glyeogen. This change has been shown to occur in other states wherein the common factor is probably an increase in circulating epinephrine. 8 In vitro studies by Lemley and Meneely 9 indicate that an unknown heat stable substance is inactivated in myocardial tissue homogenates from anoxic rats, resulting in reduced oxygen consumption by the myocardial tissue. They did not, however, find any decrease in lactic acid dehydrogenase.
Other factors limiting the extraction of carbohydrate might be either the rate of coronary flow or the relative diffusibility of these substances in comparison with oxygen. It is unlikely that coronary flow, per se, is the factor limiting extraction, since oxygen utilization is maintained and the oxygen extraction coefficient is increased. A slower rate of diffusion of the larger molecules of glucose, lactate and pyruvate, on the other hand, may limit extraction at the extremely fast levels of coronary blood flow during anoxia.
The primary factor in maintaining the oxygenation of the heart during anoxia is the marked increase in coronary flow, correlated with decrease in the coronary vascular resistance. In addition, the increase in the myocardial oxygen extraction coefficient during severe anoxia also plays an important part in maintaining myocardial oxygenation. This is true despite the limitations placed on this mechanism by the normally low coronary sinus oxygen content, since the present experiments have demonstrated that the oxygen extracted by the heart during anoxia can increase to up to 95 per cent of the arterial oxygen level.
SUMMARY AND CONCLUSIONS 1. The metabolic effects of the administration of 10 per cent, 5 per cent and zero per cent oxygen on the hearts of intact normal dogs have been determined.
2. Coronaiy flow and myocardial oxygen extraction are markedly increased during anoxia. As a result, total left ventricular oxygen consumption is maintained during administration of 10 per cent and 5 per cent oxygen.
3. The administration of 10 per cent oxygen results in little change in the carbohydrate uptake by the heart. 4. Five per cent oxj'gen administration results in increased arterial levels of lactate and pyruvate, and significantly decreases arteriovenous differences and coefficients of extraction of pyruvate, lactate and glucose. At the same time, the total utilization of these substances is maintained.
Complete oxygen deprivation results in negative arteriovenous differences for lactate, and markedly decreased or negative values for pyruvate.
